MYA 1=

HUNGARIAN UNIVERSITY OF
AGRICULTURE AND LIFE SCIENCES

Hungarian University of Agricultural and Life Sciences

INVESTIGATION OF THE FACTORS DETERMINING
THE LANDSCAPE-SCALE ORGANIZATION OF FUNGAL
COMMUNITIES IN GRAPEVINE (VITIS VINIFERA) AND

IN HABITAT MOSAICS OF CULTIVATED AND SEMI-

NATURAL ROSACEAE SPECIES

Theses of doctoral dissertation

LUCA ANNAMARIA LEPRES

Godollé

2026



Doctoral school

discipline:

Head of doctoral school:

Supervisor(s):

Doctoral School of Environmental
Sciences

Environmental Science

Prof. Dr. Erika Michéli Csakiné, DSc.
member of the Hungarian Academy of
Sciences, university professor

MATE Institute of Environmental

Sciences

Dr. Jozsef Geml, DSc.

scientific advisor, group leader
Eszterhazy Kéroly Catholic University
Food and Wine Research Center HUN-
REN-EKKE Lendiilet Environmental

Microbiome Research Group

Dr. Andras Tancsis, DSc.

university professor, head of department
Hungarian University of Agriculture and
Life Sciences

Department of Molecular Ecology

Approval by the Head of Doctoral Approval of the Supervisor

School

Approval of the Supervisor



BACKGROUNDS AND OBJECTIVES

One of the most serious challenges in viticulture is the high susceptibility of
grapevine to infections caused by various microorganisms—such as viruses,
bacteria, and fungi—which can lead to significant economic losses in
vineyards (PERAZZOLI et al. 2022). The health status of plants, including
grapevine (Vitis vinifera), is influenced by a complex set of factors,
encompassing site-specific conditions, climatic factors, agronomic practices
(e.g. pruning systems, inter-row management, plant protection), as well as the
structure of the surrounding natural and semi-natural vegetation (GRIGGS et
al. 2021).

Beyond plant genotype, the composition of the plant-associated microbiome is
strongly shaped by the surrounding vegetation, which not only influences the
microclimate but also provides alternative host plants that may exert both
negative and positive effects on one another. In addition, competition and
cooperation among microbial communities, as well as vector-mediated
dispersal, play an important role in shaping the dynamics of fungal
communities (BULGARELLI et al. 2015; SAMAD et al. 2017; POITOU et al.
2017).

For these reasons, my doctoral research focuses on exploring the relationships
among fungal communities inhabiting the leaves and woody tissues of
grapevine and those of cultivated and native fruit-bearing plants occurring in
its vicinity, including apricot (Prunus armeniaca), pear (Pyrus communis),
dogrose (Rosa canina), and blackthorn (Prunus spinosa).

The primary objective of my research is to determine whether the organization
and variability of these microbial communities are predominantly driven by
abiotic factors (e.g. site conditions, seasonality, vintage effects) or by biotic
influences (e.g. host plant, presence and spatial proximity of neighboring
plants). Furthermore, | aim to assess whether co-occurring plant species may
share economically important pathogens.

As grapevine is one of the most important cultivated crops in Hungary, a key
focus of my research is the investigation of fungi causing Grapevine Trunk
Diseases (GTDs) in other fruit-bearing plant species coexisting within the
landscape mosaic. Previous studies have demonstrated that pathogens causing
symptoms in grapevine—such as species belonging to the genera Eutypa and
Phaeoacremonium—are also capable of inducing woody tissue damage in
other host plants (MUNKVOLD 2001; DAMM et al. 2008; CLOETE et al.
2011; GUARNACCIA et al. 2022). This underscores the need for a landscape-
scale, holistic approach that simultaneously considers the characteristics of
microhabitats, interactions among host plant species, site conditions, seasonal
dynamics, and interannual variability.



Through this integrative approach, the research aims to contribute novel
insights into the understanding of fungal communities associated with the
studied plant species. The expected results will enhance our understanding of
the ecological functioning of fungi inhabiting woody tissues and leaves, as well
as elucidate the interaction networks influencing the health of grapevine and
surrounding plant species, thereby strengthening the ecological foundations of
sustainable viticulture in the long term.

In summary, the objectives of my research are as follows:

1. To determine whether the development and structure of fungal
communities are primarily influenced by abiotic factors (site
conditions, seasonality, vintage effects) or by biotic factors (host plant
species, presence and spatial proximity of neighboring plants).

2. To compare the fungal communities inhabiting the leaves and woody
tissues of different host plants, including grapevine, apricot, pear,
dogrose, and blackthorn.

3. To assess whether co-occurring plant species can share common,
economically important pathogens.

4. To investigate the presence of pathogens associated with Grapevine
Trunk Diseases (GTDs) in wild and cultivated fruit-bearing plant
species occurring in the surroundings of vineyards.

5. To identify and compare the core mycobiome of each studied plant
species and to distinguish stable, species-specific fungal components.

6. To apply indicator species analysis to identify fungi strongly associated
with particular host plant species or sampling periods, thereby
revealing the ecological processes shaping the organization of fungal
communities.



MATERIALS AND METHODS
Sampling sites

Sampling was conducted in two vineyard sites of the Eger Wine Region:
Kolyuktetd vineyard (47.863232° N, 20.385180° E; altitude 175 m a.s.l.) and
Mihélynagytetd vineyard (47.839640° N, 20.371429° E; altitude 224 m a.s.L.).
The study areas are located on the outskirts of the city of Eger, on its southern
side within the small-scale garden zone, where viticulture developed following
medieval deforestation and has retained a mosaic-like spatial pattern to the
present day (BARANYAI et al. 2017; KOVACS et al. 2019). In the immediate
vicinity of the vineyards, forested, grassland, and residential patches occur,
creating diverse ecological conditions that may influence the structure of
microbial communities. While some areas are large and exclusively dedicated
to viticulture, numerous smaller garden plots are also present, planted with
grapevine or other cultivated crops. Consequently, sampling was carried out in
well-managed vineyards and orchards embedded within a heterogeneous
landscape mosaic, where cultivated areas alternate with early-successional,
semi-natural habitats dominated by native shrubs such as dogrose (Rosa
canina) and blackthorn (Prunus spinosa). Both fruit orchards and vineyards
were managed under conventional plant protection practices.

Sampling and sampling strategy

Sampling was conducted on five plant species: grapevine, apricot, pear,
dogrose, and blackthorn. These species occurred in close proximity within the
two selected vineyard sites, forming a mosaic of cultivated plantations and
semi-natural patches. This spatial arrangement made them suitable for
investigating fungal community composition and the potential exchange and
sharing of fungal pathogens among host plants. The selection of cultivated
crops adjacent to grapevine (pear and apricot) was primarily based on the
actual landscape composition of the sampling sites. However, according to the
literature, several wood-inhabiting pathogens are shared between pear and
grapevine (GUARNACCIA et al. 2022), making this comparison
phytopathologically relevant. Apricot was included because an apricot orchard
is present at the Mihalynagyteté site and because, similarly to grapevine,
apricot is highly affected by decline caused by wood-inhabiting diseases.
Several studies have also demonstrated the presence of shared fungal
pathogens between stone fruit trees—particularly apricot—and grapevine
(DAMM et al. 2008). Whereas the selection of wild fruit-bearing shrubs
(dogrose, blackthorn) was based on their frequent occurrence in ruderal
habitats in Hungary.



The first sampling took place in March 2021 and was repeated in June and
September, following the same schedule in the subsequent year. During the
first sampling event, randomly selected plants were permanently marked, and
samples were collected from the same individuals during subsequent
samplings. For each plant, samples were collected from two distinct tissue
types: leaves and woody tissues. Woody samples included bark, cambium, and
sapwood and were obtained by excising a branch segment. In June and
September, both leaf and woody tissue samples were collected, whereas in
March, only woody tissues were sampled due to the absence of leaves. In total,
490 samples were collected from asymptomatic plants across the two sampling
sites during the 2021 and 2022 growing seasons, including 196 leaf samples
and 294 woody tissue samples. The woody tissue samples comprised 90
grapevine, 66 blackthorn, 60 dogrose, 42 pear, and 36 apricot samples, while
the leaf samples included 60 grapevine, 44 blackthorn, 40 dogrose, 28 pear,
and 24 apricot samples collected during the June and September sampling
periods.

To assess the effect of distance from shrubland on fungal communities
associated with grapevine, samples were collected from two vineyard rows.
Grapevines located close to shrubland and those located further away were
sampled. The vineyard selected for this analysis bordered a shrubland
community on one side, while the remaining sides were adjacent to cultivated
areas, including vineyards and pome fruit orchards. Sampling was conducted
in March, June, and September. Grapevines close to the shrubland were located
approximately 5 m from the shrubland edge, whereas the more distant vines
were located approximately 80 m away.

DNA extraction, PCR and sequencing

Following field sampling, samples were immediately transported to the
laboratory and stored at —80 °C. Subsequently, samples were freeze-dried
under vacuum for 72 h to ensure complete dehydration and then pulverized
using a steel-bead homogenizer (TissueLyser). Genomic DNA was extracted
from approximately 20 mg of lyophilized and homogenized plant material per
sample using a Plant DNA Isolation Kit (Macherey-Nagel GmbH & Co.,
Diiren, Germany). DNA concentration and purity were measured with a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA).

The ITS2 region of the ribosomal DNA was amplified from all samples by
PCR using the primers fITS7 (IHRMARK et al. 2012) and 1TS4 (WHITE et
al. 1990), to which Illumina overhang adapter sequences were attached
(lllumina, San Diego, CA, USA). PCR reactions were performed in a total
volume of 25 pL, containing 12.5 pL KAPA HiFi HotStart ReadyMix, 0.5 pM
of each primer, 1 uL (~10 ng) of template DNA, and nuclease-free water.
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Thermal cycling conditions consisted of an initial denaturation at 95 °C for 3
min, followed by 25-32 cycles of denaturation at 95 °C for 30 s, annealing at
56 °C for 30 s, and extension at 72 °C for 30 s, with a final elongation step at
72 °C for 5 min.

For sample identification, a second PCR was performed using the same
primers supplemented with Illumina Nextera™ DNA CD Index sequences,
following the Illumina dual-indexing strategy. PCR products were purified
using AMPure XP magnetic beads (Beckman Coulter), quantified with the
Qubit™ dsDNA HS Assay Kit (Thermo Fisher Scientific), and pooled in
equimolar concentrations based on Qubit measurements. Library quality was
assessed using an Agilent 2100 Bioanalyzer with the High Sensitivity DNA
Kit. Sequencing was carried out on an Illumina MiSeq platform using the
MiSeq Reagent Kit v2 (500 cycles), generating 250 bp paired-end reads. All
molecular procedures—including PCR amplification, adapter ligation, library
preparation, quality control, and sequencing—were performed by BIOMI Kft.
(G6dolls, Hungary) following Illumina’s standard amplicon sequencing
protocols.

Bioinformatic work

Raw sequence data were processed using the dada2 package (CALLAHAN et
al. 2016). Unlike OTU-based clustering approaches, this method reliably
removes erroneous sequences while preserving fine-scale genetic variation,
resulting in the generation of exact amplicon sequence variants (ASVs). This
enables accurate characterization of intra- and interspecific fungal genetic
diversity and allows for strain-level analyses. Based on visual inspection of
sequence quality profiles, forward and reverse reads were truncated at 240 bp
and 200 bp, respectively, to remove low-quality regions while retaining high-
quality sequence data. Reads were then quality-filtered, paired-end reads were
merged, chimeric sequences were removed, and ASVs were inferred using
default settings.

Taxonomic assignment was performed using USEARCH v11 (EDGAR 2010)
against the UNITE reference database (KOLJALG et al. 2013), which contains
dynamically defined fungal species hypotheses. Because sequence data from
samples collected in 2021 were processed earlier, their initial taxonomic
assignment was based on the UNITE version released on 25 July 2023.
Following the processing of the 2022 dataset, both annual datasets were
reprocessed using the UNITE version released on 19 February 2025 to ensure
consistency and comparability. Taxonomic identification was accepted at a
minimum sequence similarity threshold of 80%.

Functional guild assignment of fungal taxa was based on the curated and

reqularly updated FungalTraits database (POLME et al. 2020), with minor

modifications. Non-litter- and non-wood saprotrophs (e.g. nectar or exudate
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saprotrophs, sooty molds, soil saprotrophs, and undefined saprotrophs) were
collectively classified as “saprotrophs.” Additionally, non-pathogenic leaf-
associated epiphytic and endophytic fungi were grouped under the category
“leaf fungi” during the processing of the 2021 dataset.

Statistical analyses

Unless otherwise stated, all statistical analyses were performed in the R
statistical environment. Samples containing fewer than 1,000 fungal sequences
were excluded from further analyses. The community matrix was standardized
using rarefaction-based normalization by randomly subsampling to the
smallest library size with the rrarefy function of the vegan package
(OKSANEN et al. 2007). All fungal ASV sequences analyzed in this study
have been deposited in the GenBank database under accession numbers
KIWX01000001-KI1WX01004386 and KJJA00000000. In addition, two
BioProjects were created (PRINA1193836 and PRINA1347291).

Because fungal community composition differed significantly (p < 0.0001)
between leaf and woody tissues, communities associated with these two tissue
types were analyzed separately when assessing the effects of hosts, seasons,
and sites. The effects of categorical variables (e.g. host) on ASV richness and
relative ASV abundance were examined using one-way and two-way analyses
of variance (ANOVA). Only factors that showed significant effects in the one-
way ANOVA were included in the two-way models. Pairwise differences were
evaluated using Tukey’s HSD post hoc test.

Differences in community composition among samples were visualized using
non-metric multidimensional scaling (NMDS) based on Bray—Curtis
dissimilarity matrices, with relative abundance data preprocessed using
Hellinger transformation. NMDS ordinations were generated using the
metaMDS function with 999 permutations. To test for differences among
groups, permutational multivariate analysis of variance (PERMANOVA) was
conducted using the adonis function with 9,999 permutations to estimate the
proportion of variance explained by host plant species, sampling site, and
sampling time. The effects of categorical variables were tested both
individually and in combination, accounting for potential correlations among
factors.

Overlap among ASVs associated with shared pathogens of the studied plant
species, GTD-related pathogens, and the core mycobiome was visualized using
Euler and Venn diagrams. Three-set diagrams were generated using the
BioVenn web application (HULSEN et al. 2008). Because GTD pathogens
primarily colonize the perennial woody tissues of grapevine and infect plants
through pruning wounds or mechanical injuries (ROLSHAUSEN and
KIYOMOTO 2012), analyses related to GTD pathogens were restricted to
woody tissue samples. Fungal genera previously reported in the literature as
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causal agents of Grapevine Trunk Diseases were treated as GTD-associated
genera (GEIGER et al. 2022).

The core mycobiome was determined based on presence—absence data from
samples collected from woody plant tissues. Taxa (ASVs) were considered
members of the core mycobiome if they were present in at least 80% of all
examined samples. This threshold allowed for the identification of stable, host-
associated, and temporally persistent components of the microbial
communities. The use of woody tissues was justified by their longevity and the
previously reported temporal stability of their mycobiome compared to that of
leaves, providing a more reliable basis for identifying persistent, plant-specific
microbial components. Visualization of the core mycobiome using pie charts
was performed with the tidyverse, dplyr, reshape2, ggplot2, and
RColorBrewer packages.

Indicator species analysis was conducted using the indicspecies (DUFRENE
and LEGENDRE 1997; DE CACERES et al. 2012) and vegan packages. The
normalized dataset was transformed using Hellinger transformation with the
decostand() function, and indicator species were identified using the
multipatt() function with 999 permutations. Two grouping schemes were
applied: (1) the five studied plant species constituted five distinct groups, and
(2) for each plant species, the three sampling time points (March, June, and
September) were treated as separate groups and compared with each other.
This approach allowed for the disentanglement of host plant and temporal
effects and the identification of specific indicator species associated with
woody tissues.



RESULTS AND DISCUSSION

Fungal Richness and Abundance in Wood and Leaf Microhabitats

ASV richness and abundance of fungal communities associated with different
host plant species showed marked differences between the investigated
microhabitats (woody tissues and leaves). In woody samples, ASV richness
differed significantly among host plants across all functional groups, with the
exception of litter saprotrophs. In contrast, in leaf samples, a significant
difference among host plants was observed in only one functional group,
namely leaf fungi. Regarding abundance patterns, no significant differences
among host plants were detected for any functional group in leaf samples,
whereas in woody samples, significant differences were found among host
plants for all functional groups except lichenized. Thus, our results indicate
that significant differences in species richness among host plants were
detectable exclusively in woody tissues. A study investigating leaf-associated
fungal communities at the interface of vineyards and forest patches found no
significant differences in fungal species richness between grapevine leaves and
forest tree leaves during the summer months (FORT et al. 2016). This finding
Is consistent with our results, as we also detected no significant differences
among the studied plant species in leaf samples collected in June and early
September. Similarly, another study reported comparable diversity indices of
leaf-associated fungi between forests and vineyards, while community
composition differed between habitats. According to the authors, agricultural
practices influence the structure rather than the diversity of fungal
communities in vineyards (CASTANEDA et al. 2018). In contrast, abundance
and species richness in woody tissues exhibited greater variability among host
plant species. This pattern can be explained by the permanence of woody
tissues and by the fact that bark represents a potentially important
overwintering microhabitat for many fungal species (GROVE et al. 2004;
CREGGER et al. 2018; GEIGER et al. 2022). A study on fungal communities
associated with olive trees reported similar patterns, showing higher diversity
values in leaves compared to flowers and fruits, regardless of season. Because
olive trees are evergreen, leaves are present throughout the year and thus can
support the establishment of a relatively stable fungal community
(ABDELFATTAH et al. 2015). In deciduous trees and shrubs, however, this
pattern is more pronounced in the contrast between woody tissues and leaves,
as woody tissues do not undergo seasonal turnover and therefore provide a
more temporally stable habitat for fungal communities.



Effects of Host, Site, and Season on Fungal Community Composition in
Leaves and Wood

We examined the effects of host plant species, sampling site, and sampling
time on the community composition of dominant functional groups, including
plant pathogens, generalist saprotrophs, litter saprotrophs, and wood
saprotrophs. PERMANOVA results indicated that all three factors—host plant
, sampling site, and sampling time—had a significant effect on fungal
community composition, both when considering the entire fungal assemblage
and when analyzing each dominant functional group separately. In the leaves,
sampling date, which occurred in two different seasons (summer and autumn),
had the largest effect on fungal composition variation, explaining 16.3% of the
variance. Of the three factors, host plant was the second most influential (R? =
10.3%, p = 0.0001), and although less influential, site was still a significant
factor (R2 =7%, p =0.0001). This pattern was also evident for plant pathogens.
This is because, again, sampling time was by far the most determinant factor,
explaining 26% of the variance. This was followed by host plant (R?=
7.6%, p =0.0174) and then sampling site (R? = 4.5%, p = 0.0017). In contrast,
for saprotrophs, the host plant was the dominant factor, explaining 9.8% of the
compositional variance. Sampling time was the least influential factor (R? =
4.7%, p = 0.0001), and site was the second most influential (R? = 6.3%, p =
0.0001). This trend changed again for the litter saprotrophs, where, after host
plant (R? = 12.4%, p = 0.0001), sampling time (R? = 8.4%, p = 0.0001) was the
most influential factor, followed by site (R? = 6.5%, p = 0.0001).

In woody parts, the host effect was the most influential on fungal community
composition (R? = 15.7%, p = 0.0001), followed by the sampling site (R?> =
5.1%, p = 0.0001) and sampling time (R? = 4.8%, p = 0.0001) (Figure 4). The
composition of the phytopathogenic fungal communities from woody parts
was also strongly influenced by the identity of the host plants, which explained
13.6% of the compositional variance, but in this case, sampling site and
sampling date were almost equally important, explaining 5.4% of the
compositional variance for sampling area and 5.5% for sampling date. The
composition of saprotrophs was most strongly determined by the host plant in
the wood samples (R?2= 12.4%, p= 0.0001). This was followed by the
sampling time (R? = 7.7%, p = 0.0001) rather than the area, as was the case for
leaves. For wood saprotrophs, host plant (R2=11.8%, p = 0.0001) was also the
determinant of fungal community composition, followed by sampling time
(R?2 = 5.6%, p = 0.0001) and finally site (R? = 2.7%, p = 0.0003).

According to the PERMANOVA analysis, the host plant was the most
dominant factor shaping the fungal communities of woody tissues. The
significant effect of host plant species on the wood-associated microbiome was
also demonstrated by Krah et al. (2018), who showed that host species identity
is more determinant for fungal communities in wood than environmental
factors. Although host plant species also had a significant effect on leaf-
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associated fungal communities, seasonality proved to be the primary driving
factor in this case. The sampling site contributed significantly to the variance
of fungal communities in both leaf and woody samples; however, its influence
was less pronounced compared to the other two variables.

In the case of leaves, our results do not fully align with other studies that
investigated the composition and dynamics of leaf-associated fungal
communities across multiple habitats and sampling periods. These studies
suggest that host plant identity and tissue niche are more important
determinants of community structure than seasonality. Although seasonality
exerts a significant effect on microbial communities, the differences between
seasons are smaller than those observed between host plant species. Moreover,
the interaction between season and host plant explains less variance than host
plant identity alone (LI et al. 2022; HE 2023). For plant pathogenic fungal
communities, seasonality had a stronger effect in leaves than in woody tissues,
a pattern supported by several studies. These investigations highlight that
phytopathogenic leaf fungal communities exhibit seasonal successional
patterns, as newly formed leaves are colonized in each growing season. This
phenomenon is particularly pronounced in deciduous species, where fungi
recolonize leaves every spring (TANUNCHAI et al. 2022,
VANWALLENDAEL et al. 2022). In contrast, seasonal changes are less
influential in woody tissues due to their structural stability.

These results emphasize that while fungal communities in leaves are dynamic
and seasonally variable, more stable communities are found in woody tissues.
The differences between leaf and woody tissues can also be attributed to niche-
based processes, as many fungal species specialize in specific plant tissue types
(MARTINEZ-DIZ et al. 2019; MOLNAR et al. 2022; GEIGER et al. 2022).
The vineyard site— a component of terroir—plays a significant role in shaping
grapevine-associated fungal communities (GEIGER et al. 2022; LEAL et al.
2024). The results of the present study revealed significant differences in
fungal community composition between the two sampling sites (Kdlyuktetd
and Mihélynagytetd vineyards). Given that the two sites are geographically
close and experience similar climatic conditions, the observed differences are
unlikely to be of climatic origin. Instead, they are more likely attributable to
differences in soil type, topography, vegetation composition, and vineyard
management practices. This interpretation is supported by previous studies
demonstrating that fungal community structure is strongly influenced by
microclimatic factors, soil properties, vegetation density and diversity,
environmental stressors (e.g., pollution and anthropogenic disturbance), and
plant protection practices (CASTANEDA et al. 2018; LIU et al. 2023;
LEPINAY et al. 2024).
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Effect of Shrub Proximity on Grapevine Fungal Communities

The effect of shrubland proximity (near: 5 m, far: 80 m) was tested by
comparing the fungal communities of grapevines located close to and farther
from the shrubland. When comparing near and far grapevines separately, no
statistically significant differences were found in either the leaves or the woody
tissues. According to the PERMANOVA test, distance from the shrubland
explained 9.2% of the variation in leaf-associated fungal communities (p =
0.858) and 8.1% of the variation in wood-associated communities (p =
0.5085). These results indicate that, at the spatial scale investigated, proximity
to shrubland was not a significant factor shaping the composition of fungal
communities. In contrast, the NMDS analysis revealed that fungal
communities in woody tissues differed significantly between the shrub and the
grapevines (PERMANOVA: R? = 24.2%,p= 0.0004). However, the
communities of grapevines located closer to or farther from the shrub were
similar to each other, suggesting that distance from the shrub did not
substantially influence community structure. The observed difference is
therefore primarily attributable to the host plant species: the composition of
fungal communities in woody tissues was determined more by the plant species
itself than by the grapevines’ position relative to the shrub. The fungal
community composition of leaves did not differ significantly between the
shrub and the grapevines (PERMANOVA: R? = 18.6%, p = 0.5155). The lack
of significant separation indicates that, in contrast to woody tissues, neither the
host plant species nor the distance from the shrub strongly influenced the
structure of foliar fungal communities. Thus, fungal communities in leaves
appear to be more homogeneous across host plant types and positions relative
to the shrub. In the case of leaves, we examined the entire leaf-associated
community, including both endophytic and epiphytic fungi. Accordingly, leaf-
associated communities did not show significant differences between shrubs
and grapevines, whereas a clear separation was observed in woody tissues.
This indicates that host plant species is the primary factor shaping the structure
of fungal communities, with distinct patterns across tissue types: fungal
communities inhabiting woody tissues are strongly host-species specific, while
leaf-associated communities are more homogeneous, partly due to the
dispersal of epiphytic fungi. This is consistent with our previous analyses,
which confirmed that the host plant strongly shapes fungal communities in
woody tissues, whereas its influence is less dominant in leaves.

Shared plant pathogenic fungi among the studied plant species

The highest number of plant pathogenic fungal ASVs was detected in dogrose

samples (both woody tissues and leaves; 1,015 ASVs), followed by blackthorn

with 691 ASVs, grapevine with 631 ASVs, and pear with 519 ASVs. Apricot

samples contained the lowest number of plant pathogenic fungal ASVs (488
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ASVs). Across all studied plant species, a total of 264 plant pathogenic fungal
ASVs were shared, which were identified at the genus level. The most
dominant genera among these shared ASVs were Alternaria, Phyllosticta,
Taphrina,  Pseudopezicula,  Seimatosporium, and Phaeomoniella.
Subsequently, we examined the overlap of plant pathogenic fungal ASVs
between cultivated fruit crops and grapevine, as well as between native fruit-
bearing plants and grapevine. The complete overlap among grapevine, pear,
and apricot comprised 284 plant pathogenic fungal ASVs. Genus-level
identification revealed that Alternaria was again the most dominant genus,
followed by Phyllosticta. Additional characteristic genera included Taphrina,
Pseudopezicula, Seimatosporium, and Phaeomoniella. Grapevine, blackthorn,
and dogrose shared 461 plant pathogenic fungal ASVs. Among these,
Alternaria and Phyllosticta were again the most ASV-rich genera, while
Diaporthe and Didymella were also present at high relative abundances. The
extensive overlap of phytopathogenic fungi among the studied plant species
suggests that these plants may act as microbial reservoirs for plant pathogenic
fungi. This role is critical in the dynamics of plant diseases, as the majority of
the detected phytopathogens are capable of persisting in asymptomatic host
plants and likely constitute part of the natural microbiome of the examined
crop species. Among the shared phytopathogenic fungi, members of the genus
Alternaria were detected at the highest frequency. This is consistent with the
ecology of Alternaria species, which are among the most widespread and
significant endophytic and opportunistic phytopathogenic fungi, but may also
occur as saprotrophs. As pathogens, Alternaria species are known to cause
storage diseases and secondary infections in a wide range of agricultural crops
(SIMMONS 2007; LAWRENCE et al. 2016; SINGH et al. 2016).

Presence of Grapevine Trunk Disease—associated pathogens in the
studied plant species

A total of 85 ASVs representing Grapevine Trunk Disease (GTD)-associated
pathogens were identified in the cultivated plant species. Among these, 12
ASVs were shared by grapevine, apricot, and pear, representing 14% of all
detected GTD-related ASVs. Pairwise comparisons among host plants
revealed the highest overlap between pear and grapevine (23.5%), followed by
grapevine and apricot (9.4%), and finally apricot and pear (2.4%). Genus-level
identification indicated that the following genera were shared among
grapevine, pear, and apricot: Diaporthe, Eutypa, Phaeomoniella,
Phaeoacremonium, and Neofusicoccum.

Comparisons between grapevine and native shrub species yielded similarly
noteworthy results. A total of 79 ASVs representing GTD-associated
pathogens were detected across the three studied plant species, of which 23
ASVs were shared (29% overlap). In pairwise comparisons, the highest
overlap was observed between grapevine and dogrose (16.5%), followed by
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grapevine and blackthorn (14%), and finally blackthorn and dogrose (6.3%).
Genus-level identification revealed the following shared genera among
grapevine, dogrose, and blackthorn:  Diaporthe, Phaeomoniella,
Neofusicoccum, and Truncatella.

Our results demonstrate that GTD-associated pathogens are present in all
examined plant species, albeit at different relative abundances, indicating
varying levels of host susceptibility. The substantial overlap of GTD-
associated fungal taxa detected in the woody tissues of different host plants
suggests that all examined species may serve as potential hosts for fungi
responsible for grapevine trunk diseases. Consequently, these plants may also
function as potential inoculum sources for nearby vineyards.

Overall, our findings indicate that GTD-associated pathogens are able to
persist and infect the examined plant species and may spread from these hosts
into adjacent vineyards. Therefore, disease management strategies should not
be restricted to the vineyard scale alone. It is important to note that most GTD-
associated pathogens are commonly present in grapevine, often without visible
symptoms. These fungi are generally considered opportunistic pathogens that
become active under environmental or management-related stress conditions
affecting the host plant (GEIGER et al. 2022; LEAL et al. 2024).
Consequently, improving cultivation practices—not only to enhance yield and
quality but also to strengthen plant resilience—is crucial for mitigating the
impacts of Grapevine Trunk Diseases.

Identification and comparison of the core mycobiome of the studied
plant species

The results showed that both the richness and the composition of the core
mycobiome differed substantially among the investigated host plant species.
Dogrose (52 ASVs) and blackthorn (98 ASVs) harbored relatively rich core
communities, whereas among the cultivated species, grapevine (35 ASVs) and
especially pear (29 ASVs) contained considerably fewer core taxa. This pattern
can be partly explained by the different ecological contexts of cultivated versus
wild host plants, which may influence both the composition and stability of
microbial communities. In contrast to the other cultivated species, apricot
contained a markedly higher number of core fungal taxa (81 ASVs) and thus
represented an exception.

One possible explanation is the shared taxonomic affiliation of apricot and
blackthorn, as both belong to the genus Prunus, which may contribute to the
more diverse core fungal community observed in apricot. However, it is
important to emphasize that robust support for this inference would require
additional studies including further Prunus species (both cultivated and wild;
e.g. plum, sweet cherry, peach, wild cherry, cherry plum), in order to evaluate
how broadly a potential “Prunus effect” on core mycobiome richness can be
generalized.
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Dogrose and blackthorn occur in semi-natural habitats and are exposed to
diverse microbial sources (soil, insects, animals, neighboring plants), which
can promote both diversity and stability of their associated communities. In
parallel, the genetic background of wild plants —through phenotypic and
physiological traits adapted to local environmental conditions — may
indirectly shape microbiome composition, potentially providing adaptive
advantages and leading to community structuring by natural selection
(BARNES et al. 2025). In contrast, intensively managed cultivated species
such as grapevine and pear are regularly subjected to plant protection
interventions, often occur in (near-) monocultures (particularly grapevine), and
may have developed narrower microbial associations during domestication
(SOLDAN et al. 2021). Soldan et al. (2021) examined how domestication
altered plant capacity to shape and regulate the microbiome and introduced the
“double-leash” model, in which human selection acts on the plant while the
plant, in turn, regulates its associated microorganisms. Domestication-driven
phenotypic changes—such as seed size, metabolite composition, or tissue
traits—can strongly influence the plant’s ability to select and maintain its
microbiome. Combined effects of agronomic practices and genetic change
(e.g. monoculture, genetically homogeneous plantations, intensive pesticide
use) often result in a narrower and less diverse core microbiome in cultivated
species compared to their wild relatives. The study further suggests that
deliberate  microbiome management—such as restoring  wild-type
associations—may improve crop health and resilience, because traits directly
selected during breeding are not necessarily linked to higher overall fitness. It
is also plausible that stronger immune responses and higher filtering capacity
in cultivated species contribute to fewer taxa meeting the stringent criteria of
the core definition (AQUEEL et al. 2024). In a study comparing the core
microbiome of two cotton species—one susceptible to cotton leaf curl disease
(CLCuD; Gossypium hirsutum) and one resistant (Gossypium arboreum)—
under viral infection, the resistant species exhibited substantially higher
microbial diversity. Their results indicated an inverse relationship between
core microbiome diversity and disease susceptibility, providing a potential
basis for developing biocontrol agents and improving pathogen resistance in
plants (AQUEEL et al. 2024).

A further potential explanation for the high core diversity observed in apricot
is plantation age. In contrast to the sampled grapevine vineyards (established
in 1993) and the pear orchard (established in 2016), which consisted of mature,
well-established plants, the apricot orchard was only 3—4 years old at the time
of sampling (established in 2018). Thus, these young trees may not yet have
developed a strongly selective, stable microbial community. We assume that
the young orchard represents a more “open” ecological system, allowing
microorganisms from multiple sources to persist over longer periods.
Moreover, at early developmental stages, selective pressures imposed by
pathogens and plant protection practices may not yet be strong enough to cause
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a marked narrowing of the core community; therefore, the rich core community
observed in apricot likely reflects a transitional state. In Populus tomentosa,
for example, the root microbiome of young trees was shown to be richer and
more diverse but less stable, whereas older trees had narrower communities
that were more strongly host-regulated and more stable (XIE et al. 2023). This
supports the notion that the rich core community observed in young apricot
orchards may gradually narrow as trees age.

When comparing the core mycobiomes of the five host plants, we identified
13 shared ASVs in total, including five fungal taxa that were detectable in all
plant species and at all sampling time points: Aureobasidium
intercalariosporum, Buckleyzyma aurantiaca, Filobasidium wieringae,
Rinodina pyrina, and Xenodidymella clematidis. In addition, it is important to
note that Alternaria brassicae was a shared core member across all examined
hosts except grapevine, where its stable occurrence did not reach the 80%
prevalence threshold.

The shared core taxa represent multiple ecological strategies, suggesting that
the stability of the plant mycobiome may be maintained by the co-occurrence
of fungi with different life histories. Aureobasidium intercalariosporum and
Filobasidium wieringae are typical generalists—broad host-range epiphytes
and endophytes—with documented biocontrol potential (GLUSHAKOVA and
KACHALKIN 2017; WU et al. 2023; ABO-ELYOUSR et al. 2024; RENSINK
et al. 2024). Rinodina pyrina is a lichen-forming fungus that likely colonizes
plants continuously from the surrounding environment and thus persists as a
stable background component (VARGAS et al. 2013). Xenodidymella
clematidis occurs primarily as an endophyte but is also known as an
opportunistic pathogen, indicating that it may play a pathogenic role despite
asymptomatic presence (KARIMI et al. 2024). Their joint occurrence suggests
that, within the shared microbial core of cultivated and wild plants, multiple
ecological functions collectively contribute to the stability of plant—microbe
interactions.

Indicator species in the studied plant species

Applying indicator species analysis across five co-occurring host plants is
methodologically justified because the shared environmental background
provides controlled conditions for detecting host effects. Consequently,
indicator taxa identified in this framework are more likely to be associated with
host traits rather than with differences in habitat conditions.

Substantial differences were found among the five host plants in the number
of indicator ASVs: 305 ASVs were identified from blackthorn, 83 from
dogrose, 103 from apricot, 332 from pear, and 333 from grapevine. Thus,
blackthorn harbored many more indicator taxa than, for example, dogrose.
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Across indicator communities, the most frequently assigned functional groups
were plant pathogens (223 ASVs) and diverse saprotrophic fungi (258 ASVs).
In addition, mycoparasites and epiphytes were present in all hosts, although at
lower proportions. Altogether, these results suggest that each host plant is
associated with a characteristic microbial community that also differs
functionally.

Indicator species analysis further revealed that many fungi were exclusively
associated with a single host plant, indicating specialization in host—microbe
relationships. This is particularly important for pathogenic taxa, as they may
represent host-specific disease agents.

The proportional distribution of functional categories among indicator taxa
differed markedly among host plants. In dogrose, plant pathogens dominated
the indicator community, accounting for more than 60% of ASVs, whereas
other functional groups were scarcely represented. In contrast, grapevine and
pear communities showed a more balanced structure, where—besides
pathogens—wood-decaying saprotrophs and generalist saprotrophs also
represented substantial proportions. In blackthorn, mycoparasites (14.7%) and
leaf-associated endophytes (8.1%) were present at comparatively high
proportions, whereas in apricot, nearly one-third of the community belonged
to the plant pathogen functional group.

Overall, our results demonstrate that host-associated fungal communities differ
not only in diversity but also in functional composition. Species-specific
occurrence of pathogens may indicate differences in disease risk, while the
presence of saprotrophs and endophytic fungi highlights the broad ecological
functionality of host-associated microbial communities. Comparing co-
occurring plants makes it clear that each host species possesses a distinct,
functionally differentiated microbial profile, consistent with other studies
showing that host plant identity strongly shapes the composition of pathogenic,
saprotrophic, and mycorrhizal fungal communities even at close spatial
proximity (LIANG et al. 2023).
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CONCLUSIONS AND RECOMMENDATIONS

The results of this research provide new insights into the relationships among
fungal communities associated with grapevine and with surrounding cultivated
and native fruit-bearing plant species. Based on investigations conducted over
two growing seasons in two vineyard sites of the Eger Wine Region, it can be
concluded that the organization of microbial communities is jointly shaped by
host plant identity, plant organ type, seasonality, and site-specific conditions.
The dynamics and diversity of fungal communities are influenced not only by
environmental factors, but also by the biological and ecological characteristics
of plant species, as well as by cultivation practices.

Fungal communities inhabiting woody tissues and leaves were clearly
separated from each other in both composition and structure. In woody tissues,
fungal community structure differed significantly among host plant species,
with host identity emerging as the strongest determining factor. Woody tissues
provide a permanent and protected microhabitat in which microbial
communities are more stable and less responsive to short-term environmental
fluctuations. In contrast, fungal communities inhabiting leaves exhibited
pronounced seasonal dynamics: seasonal variation played a much greater role
in shaping these communities than host plant species or site conditions. This
suggests that leaf-associated microorganisms form short-lived, rapidly
responding, and dynamically changing communities, whereas fungi inhabiting
woody tissues persist as long-term stabilized, host-dependent communities.
Significant differences in fungal community composition were detected
between the two sampling sites (Ko6lyuktetd and Mihalynagytetd), likely
reflecting differences in microclimatic conditions and soil characteristics.
These findings emphasize that fungal community structure is shaped by fine-
scale, local factors that can be integrated into the concept of terroir; thus,
microbial communities may be interpreted as ecological imprints of vineyard-
specific environmental conditions.

According to the results, the proximity of shrub vegetation did not significantly
influence grapevine-associated fungal communities in either leaves or woody
tissues at the examined spatial scale (5-80 m). This may indicate that such
spatial distances are insufficient to detect dispersal gradients. However, the
findings further reinforce the dominant role of host plant identity in structuring
fungal communities, as significant differences were driven primarily by
differences among host species rather than by their spatial arrangement.

One of the most important findings of this study is the substantial overlap
observed among phytopathogenic fungal communities associated with
different plant species. Phytopathogenic genera such as Alternaria,
Phyllosticta, Taphrina, Phaeomoniella, and Diaporthe occurred across
multiple host plants, confirming that co-occurring species may function as
microbial reservoirs for fungal pathogens. Pathogens associated with
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grapevine trunk diseases—such as members of the genera Phaeomoniella,
Neofusicoccum, and Diaporthe—were detected in all examined plant species.
This finding confirms the potential role of surrounding fruit trees and reveals,
in the case of shrubs, that these Rosaceae species may act as inoculum sources
for vineyards. This recognition necessitates a fundamentally new perspective
in grapevine health management, as pathogen spread cannot be interpreted
solely at the vineyard scale, but must be examined at the landscape scale in
relation to neighboring vegetation. Moreover, because asymptomatic
grapevine plants were sampled in this study, the results suggest that GTD-
associated pathogens may constitute a natural component of the woody plant
microbiome. Consequently, GTD management should primarily focus on
maintaining good plant vitality, which may play a key role in preventing
disease development.

Analysis of the shared core mycobiome revealed that the studied plant species
partly share stable fungal components across hosts. Aureobasidium
intercalariosporum, Buckleyzyma aurantiaca, Filobasidium wieringae,
Rinodina pyrina, and Xenodidymella clematidis were detected in all host
plants, suggesting that these generalist species function as ecological
stabilizers. At the same time, several host-specific core taxa were identified,
indicating host-driven ecological filtering. Domesticated, intensively managed
crop species such as grapevine and pear exhibited narrower core communities,
whereas the wild dogrose and blackthorn harbored richer core mycobiomes.
This difference likely arises from the combined effects of cultivation practices,
plant protection interventions, and host adaptive mechanisms, reinforcing the
notion that intensive agricultural management may lead to reduced microbial
diversity.

Indicator species analysis demonstrated that host plants co-occurring under
identical environmental conditions are associated with distinct fungal
communities that also differ functionally. The presence of host-specific
indicator taxa indicates specialization in plant-microbe interactions and the
potential occurrence of host-specific pathogens. Seasonal patterns further
highlight that microbial communities change dynamically over time,
influencing infection pressure and plant health. Based on these findings, long-
term monitoring and functional investigation of host plant-microbe
interactions are recommended to improve pathogen forecasting and to develop
targeted plant protection strategies.

Overall, the microbial interaction network among grapevine and surrounding
plant species is complex, multi-layered, and temporally dynamic. Fungal
community composition is simultaneously shaped by host plant biology,
structural and chemical differences among tissues, abiotic environmental
factors, and human intervention. The results indicate that maintaining
microbial diversity and suppressing pathogens cannot be decoupled from
landscape structure and the presence of natural vegetation. Biodiversity
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conservation and plant health management therefore need to be addressed in
an integrated ecological framework.

In conclusion, this research contributes to a deeper ecological understanding
of fungal communities associated with grapevine and neighboring plant
species and establishes a new foundation for the development of sustainable
viticulture. The identified patterns demonstrate that grapevine health and
resilience are closely linked to the microbial networks of surrounding
vegetation. Future plant health research and practice should consider the
landscape-scale distribution and interactions of microorganisms to develop
more effective and ecologically balanced systems. Detailed mapping and
functional characterization of fungal communities provide opportunities to
maintain natural biological balance, thereby supporting the ecological
foundations of sustainable and environmentally conscious grapevine and fruit
production.

Future research should focus on long-term, multi-year investigations of host
plant-microbe interactions and on elucidating the functional roles of fungal
communities using metagenomic and metabolomic approaches. Analysis of
microbial network dynamics in relation to land use, plant protection practices,
and climatic factors is warranted to improve understanding of the ecological
background of plant health. Such integrated approaches may contribute to the
development of sustainable and ecologically balanced grapevine and fruit
production systems.
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NEW SCIENTIFIC RESULTS

. This study is the first to apply a landscape-scale, multi-host DNA
metabarcoding approach to investigate fungal communities associated
with grapevine and co-occurring cultivated and wild fruit-bearing plant
species.

. Within the same individual plant, mycobiome composition differs
markedly among plant tissues and is shaped by distinct abiotic and
biotic factors; host plant identity is the primary driver of fungal
community assembly in woody tissues, whereas seasonal variation
predominates in leaves.

. A substantial overlap was detected among phytopathogenic fungal
communities associated with grapevine and with surrounding
cultivated and native fruit-bearing plant species.

. This study is the first to describe dogrose and blackthorn as potential
natural host plants for multiple fungal genera associated with
Grapevine Trunk Diseases (GTDs).

. The core mycobiome of woody tissues in apricot, pear, blackthorn, and
dogrose was identified for the first time, and shared core members
among the studied plant species were also determined for the first time
within a habitat mosaic.

. This research is the first to compare fungal communities of grapevine
and neighboring cultivated and wild fruit-bearing plant species using
indicator species analysis.
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